Ultrasound assistance for neuraxial techniques may improve technical performance; however, it is unclear which populations benefit most. Our study aimed to investigate the efficacy of neuraxial ultrasound in women having caesarean section with combined spinal-epidural anaesthesia, and to identify factors associated with improved technical performance. Two-hundred and eighteen women were randomly allocated to ultrasound-assisted or control groups. All the women had a pre-procedure ultrasound, but only women in the ultrasound group had this information conveyed to the anaesthetist. Primary outcomes were first-pass success (a single needle insertion with no redirections) and procedure difficulty. Secondary outcomes were block quality, patient experience and complications. Exploratory sub-group analysis and regression analysis were used to identify factors associated with success. Data from 215 women were analysed. First-pass success was achieved in 67 (63.8%) and 42 (38.2%) women in the ultrasound and control groups, respectively (adjusted p = 0.001). Combined spinal-epidural anaesthesia was 'difficult' in 19 (18.1%) and 33 (30.0%) women in the ultrasound and control groups, respectively (adjusted p = 0.09). Secondary outcomes did not differ significantly. Anaesthetists misidentified the intervertebral level by two or more spaces in 23 (10.7%) women. Sub-group analysis demonstrated a benefit for ultrasound in women with easily palpable spinous processes (adjusted p = 0.027). Regression analysis identified use of ultrasound and easily palpable spinous processes to be associated with first-pass success.
Introduction
Ultrasound-assisted neuraxial techniques may facilitate central neuraxial blockade by improving technical performance assessed by the number of needle movements [1] , patient experience [2, 3] and quality of analgesia [4] . Potential risks occur when placement of central neuraxial blockade is more cephalad than intended [5] , which may be compounded by a spinal cord extending more caudad than expected [6] , and an intercristal line that is an unreliable landmark in obesity and pregnancy [7, 8] . Neuraxial ultrasound may enhance the safety of central neuraxial blockade by improving identification of the correct interspace and decreasing unnecessary needle movements; a recent review demonstrated better safety (Grade B, level 3) and efficacy (Grade A, level 1a) with its use [9] .
Despite this, widespread adoption of neuraxial ultrasound has been limited. Some studies have shown no benefit in certain settings [3] . The heterogeneous population included in a recent meta-analysis [9] , which included lumbar puncture by non-anaesthetists and trainees, may lead anaesthetists to question if 'inexpert palpation' exaggerates the benefits of ultrasound. Conversely, 'expert ultrasound' used at a small number of specialist centres may leave anaesthetists wondering if the results can be extrapolated to their own practice. Of note, it is likely that the majority of central neuraxial blocks performed in the 3rd National Audit Project [10] , which demonstrated an excellent safety profile, were undertaken without ultrasound assistance. There have been calls to further define the role of ultrasound in the obstetric setting, especially to clarify which subpopulations benefit most [11] .
Our study aimed to assess the efficacy of preprocedural neuraxial ultrasound in a general obstetric population with regard to needle movements and procedural difficulty, and to identify factors associated with successful technical performance of combined spinal-epidural (CSE) anaesthesia.
Methods
This prospective, randomised controlled trial was conducted between May 2013 and December 2014. Written informed consent was obtained from all women in the antenatal clinic. We recruited women aged > 18 years and > 37 weeks gestation who were scheduled for elective caesarean section under CSE anaesthesia. We did not recruit women who were unable to provide fully informed consent.
In the anaesthetic induction room, intravenous access was established, standard monitoring applied and the patient was positioned sitting with a flexed back. The attending anaesthetist rated the difficulty of palpation of the spinous processes (easy -minimal or moderate compression of tissues; moderate -significant compression of tissues; difficult -unable to palpate) and the iliac crests. They then used a surgical marking pen to mark the best point for needle insertion, and recorded which spinous interspace they believed this to be.
The woman was then allocated to either an ultrasound or control group. Randomisation was achieved by opening a sequentially numbered, sealed, opaque envelope containing a computer-generated allocation (simple non-block randomisation). Surplus envelopes containing random allocations were generated to account for dropouts.
For the ultrasound group, the anaesthetist remained in the room while the woman's back was scanned by a study investigator using a standardised technique with a low-frequency 2-5 MHz curvilinear probe. The first 85 cases were scanned using a Sparq ultrasound system (Philips, Amsterdam, Netherlands), and the remainder with a M-Turbo ultrasound system (Fujifilm Sonosite Inc, Bothell, WA, USA). The scans were performed by five study investigators (AC, BC, LH, RB and WA) who were experienced in neuraxial ultrasound. They reviewed each other's performance before the start of the study; post hoc analysis demonstrated similar success rates between them.
Firstly, the curvilinear probe was applied to the lower back in a transverse orientation. The vertebral midline was marked on the skin of the mid to lower back by identifying a symmetrical image at either the transverse spinous process or transverse interlaminar view. The ultrasound probe was then orientated to obtain a paramedian sagittal laminar view. Once the sacrum and lumbosacral junction were identified, the probe was moved in a cephalad direction and the laminae of the lumbar vertebrae were identified and marked. The probe was then rotated to obtain a transverse view, and each of the lumbar interlaminar spaces was investigated using the posterior complex (ligamentum flavum, epidural space and posterior dura) and the anterior complex (anterior dura, posterior longitudinal ligament and posterior vertebral body) as key identifying structures [12] . An assessment of the size of the interlaminar acoustic window was made by slowly tilting the probe in a caudad and cephalad direction. Pen markings were placed on the woman's skin at the four midpoints of the long and short edges of the curvilinear probe, in the interlaminar space with the largest acoustic window. Horizontal and vertical lines were constructed from the midpoint markings, and the intersection of these lines was used as the optimal ultrasound-derived needle insertion point. The distance between the original skin mark and the ultrasound-derived mark was measured. Advice about best needle trajectory was provided. The anaesthetist then performed the CSE based on the ultrasound-derived markings.
In the control group, the anaesthetist left the room while the study investigator performed the standardised scan. Measurements comparing the original and ultrasound-derived marks were recorded, and the latter marks were then removed. The anaesthetist then returned to perform the CSE based on their original marking. For safety reasons, if the ultrasound identified the original mark to be at the L1-2 interspace or above, the anaesthetist was asked to use a lower interspace.
In both groups, a needle-through-needle CSE was performed using a 27-G/18-G or 26-G/16-G Portex . For all cases, the attending anaesthetist left the induction room after completion of the CSE. The woman rated their experience of neuraxial block with regard to pain and satisfaction. The woman was then transferred to the operating theatre, and subsequent anaesthetic management was at the discretion of the attending anaesthetist. The primary outcomes studied were first-pass success and the difficulty of the CSE procedure. Needle movements were recorded by a study investigator observing the CSE procedure. A needle insertion was defined as an individual skin puncture. Any backward needle movement, followed by a forward movement without removing the needle from the skin, was considered a redirection.
First-pass success was defined as a single insertion with no redirections.
We devised a classification of CSE procedural difficulty before study commencement. A difficult CSE procedure was defined as any of the following: > 5 contacts of the needle on bone; > 2 insertions at the same interspace; insertion at a different interspace; no cerebrospinal fluid flow through the spinal needle.
We included secondary outcomes of block quality (requirement for epidural top-up; supplemental analgesia; general anaesthesia due to pain); pain during CSE rated with a verbal numerical rating scale (VNRS); satisfaction with the CSE procedure (5-point Likert scale from 1 -completely dissatisfied to 5 -completely satisfied); and complications. Follow-up by the acute pain service included a postoperative review when women were provided with an information sheet and contact number to be used in the event of pre-defined symptoms.
Sample size was calculated based on data from Grau et al. [13] . Using a 5% level of significance, 90% power and a pooled standard deviation of 0.69, a total of 215 women were required for a difference of 0.3 puncture attempts between groups.
Descriptive statistics were calculated for physical characteristics of the women and their outcomes. Association between categorical variables was examined using Pearson Chi-squared tests of association. Fischer's exact test was used when the assumptions of the Chi-square test were not met. Student' s t-test was used to show the differences between groups for parametric continuous variables. Mann-Whitney U-tests were used for non-parametric continuous variables. To account for analysing multiple outcomes, we corrected using the Benjamini-Yekutieli [14] method (four tests). Binary logistic regression was used to model first-pass success. Use of ultrasound, ease of spinous process palpation, ease of iliac crest palpation, body mass index (BMI; < 30 kg.m À2 , 30-34.9 kg.m À2 and ≥ 35 kg.m À2 ) and seniority of anaesthetist were included in the initial model, and variables removed using backwards elimination. Use of ultrasound was forced to remain in the model. Tests were declared statistically significant at a < 0.05 (two-sided).
Pre-specified sub-group analyses included the effect of ability to palpate landmarks on technical performance (24 tests), and the effect of BMI on the difficulty of CSE (four tests). Post hoc sub-group analyses included association between composite landmarks and technical performance (12 tests), satisfaction and needle movements (six tests), VNRS and needle movements (three tests), technical performance and seniority of anaesthetist (eight tests), interspace difference and palpating difficulty (one test), palpation difficulty and image quality (one test), and spinous process palpation and paraesthesiae (two tests). Sub-group analyses for validation were performed for five individual investigators (to assess success rate for ultrasound examination) and a comparison of the first and second half of subjects in the study (to assess investigator and anaesthetist performance changing with time). P values for a pre-specified sub-group analysis were corrected for multiple comparisons (28 tests) using the Benjamini-Yekutieli method. Formal correction for multiplicity was not performed for post hoc tests. Data were analysed using IBM SPSS Statistics for Windows version 22.0 (2013, IBM Corp., Armonk, New York, NY, USA) and in the R statistical environment version 3.2.0 (https://www.r-project.org/).
Results
Two-hundred and eighteen women were included in the random allocation, and 215 included in the final analysis (Fig. 1) . Table 1 shows the characteristics of the women who were analysed.
First-pass success was achieved in 67 (63.8%) and 42 (38.2%) women in the ultrasound and control groups, respectively (adjusted p = 0.001; Table 2 ). Combined spinal-epidural was difficult in 19 (18.1%) and 33 (30.0%) women in the ultrasound and control groups, respectively, however, this result was not statistically significant once adjusted for multiple comparisons (unadjusted p = 0.042, adjusted p = 0.09). Fewer women in the ultrasound group needed additional needle insertions (20 women (19.0%) vs. 42 women (38.2%) in the control group; adjusted p = 0.005) and needle redirections (36 women (34.3%) vs. 64 women (58.2%) in the control group; adjusted p = 0.002).
There were no significant differences between the groups with respect to the secondary outcomes of block quality, patient pain, satisfaction or procedural complications (Table 3) . Unintentional dural puncture with a Tuohy needle occurred in two (1.9%) women in the ultrasound group, and three (2.7%) women in the control group (p = 1.0). There were no long-term complications in any patient. Table 4 shows the outcomes of first-pass success and CSE difficulty, stratified by ability to palpate the spinous processes and iliac crests. Ultrasound assistance improved first-pass success in women with easily palpable spinous processes (adjusted p = 0.027).
Binary logistic regression analysis identified two factors that improved odds of first-pass success; the odds ratio (95%CI) for use of ultrasound was 3.2 The anaesthetist was able to identify correctly the intervertebral level in 109 (50.7%) women, but made a major misidentification of the intervertebral level by two or more spaces in 23 (10.7%) women. Of note, the anaesthetist marked the best needle insertion point at or above the L1-L2 interspace in 26 (12.1%) women (21 at L1-2; four at T12-L1; one at T11-12).
There was a significant association between major misidentification of the intervertebral level and the inability to palpate the iliac crests (p = 0.001). Major intervertebral misidentification occurred in 20 out of the 118 (16.9%) women in whom it was moderate/difficult to palpate the iliac crests, and only 3 out of 95 (3.2%) women in whom it was easy.
Discussion
We have performed, to our knowledge, the largest randomised trial assessing ultrasound-assisted CSE anaesthesia. The results indicate that the ultrasound-assisted CSE technique is superior to the standard technique with regard to first-pass success. Although first-pass success might be considered a surrogate end-point, Superscript indicates the number of missing data-points. extra needle movements may affect the patient's experience of the procedure, as well as increase the risk of direct needle trauma. Previous studies examining the effect of neuraxial ultrasound on patient experience have only scanned women in the ultrasound arm [2, 3, 15, 16] . Exposure to an extra procedure might bias women's perceptions, but we scanned women in both arms to negate this. Despite significantly more needle movements in the control group, women did not report more pain or dissatisfaction during central neuraxial blockade. We speculate that good infiltration of local anaesthesia, and good bed-side manner, may counter any negative influence of extra needle movements.
For rare events like neurological injury and epidural haematoma, investigating how needle movements predispose to injury is nearly impossible. Nevertheless, first-pass success is often used as a practicable and measurable end-point that is likely to correlate with minor degrees of tissue trauma [17, 18] . Studying the end-point of first-pass success, however, may exaggerate the benefit of neuraxial ultrasound. This is because first-pass success measures the frequency of 'perfect' needle movement, yet one or two redirections may be considered to be of no clinical consequence. We therefore elected to also measure difficulty of CSE insertion, at the other end of the spectrum. Although our classification of difficult CSE might be criticised as arbitrary, we believe our criteria represent a surrogate for increased tissue trauma. Unfortunately, our study could not definitively answer whether or not ultrasound reduces difficult CSE. Despite difficult CSE being found in 18.1% and 30% of the ultrasound and control groups, respectively, after correcting for multiple comparisons the adjusted p value was not significant. Our study design was hampered by the number of comparisons made, and further well-designed studies are required.
Although we did not assess the spinal block, the ultrasound and control groups were similar for the clinical end-points of epidural top-up requirement, supplemental analgesia and general anaesthetic conversion.
We hypothesised that ultrasound assistance would not improve technical performance in women with easily palpable surface landmarks. However, contrary to this, our sub-group analysis found that the use of ultrasound improved first-pass success in women with easily palpable spinous processes. This is surprising and contrary to published evidence. Arzola et al. [19] studied trainees performing ultrasound before epidural insertion for labour analgesia. They showed no benefit in first-pass success when using ultrasound in women with easily palpable spinous processes, although they had a high success rate in the control arm compared with our study. Ansari et al. [15] studied women with easily palpable spinous processes undergoing spinal anaesthesia for caesarean section; there was no benefit with ultrasound when experienced anaesthetists performed both the pre-procedural ultrasound and the spinal block. The reasons for these different findings are not clear. The higher interspace used for epidural compared with CSE may be easier due to the reduced lordosis. Our study design, comprising experienced anaesthetists performing the ultrasound and a high proportion of trainees performing neuraxial anaesthesia, was more likely to show a benefit. Neuraxial ultrasound has previously been shown to be beneficial when teaching trainees [20] , but of note, regression analysis of our data did not identify the seniority of the anaesthetist performing the block as a factor influencing the odds of first-pass success. One possibility is that CSE anaesthesia may be more technically challenging than either spinal or epidural alone, and as such our results might not be able to be extrapolated to other forms of central neuraxial blockade.
It was also surprising that we found no statistically significant improvement in first-pass success in women with impalpable surface landmarks when ultrasound was used. It is possible that this sub-group was underpowered. In the orthopaedic setting, it has been shown that ultrasound can decrease needle movements in women with difficult surface landmarks [17] . Sonoanatomical changes that occur in pregnancy, such as an increase in the depth of the posterior dura mater observed in a study of women with a BMI ≤ 30 kg.m À2 [21] , may make neuraxial ultrasound more challenging in the obstetric setting, particularly in women with central adiposity. Inaccuracies in skin markings may occur when a transversely applied curvilinear probe requires both indentation of the skin and cephalad angulation. Moreover, first-pass success relies on having both an accurate insertion point and needle trajectory. It is possible that women with poorly palpable spinous processes are unable to flex the lumbar spine sufficiently with, in consequence, a smaller window between the bony obstacles to the epidural space. In this situation, advice about needle trajectory becomes relatively more important, but this is more difficult to communicate than the insertion point. Broadbent et al. [5] showed that anaesthetists are only 29% accurate in identifying intervertebral level, and that accuracy is reduced by obesity. Our results suggest the ability to palpate the iliac crests can be used to identify those at risk of major misidentification of intervertebral level, as there was a 3.2% error rate if the iliac crests were easily palpable compared with 16.9% if this was difficult. Had they not been enrolled in the study, it is possible that the CSE would have been performed at or above T12-L1 in 2.3% of the women. These results suggest that, for safety reasons, if the iliac crests are not easily palpable then ultrasound should be utilised.
A limitation of our study is that anaesthetists did not perform the ultrasound themselves. As previously stated, successful neuraxial ultrasound relies on the communication of an insertion point and a needle trajectory. Having separate operators may have had the effect of underestimating the benefits of ultrasound.
Results of sub-group analysis are exploratory and should always be taken with caution. Pre-specifying multiple sub-groups does not alleviate the risk of Type-1 error (false positives) [22] , and we therefore applied a p value adjustment. The sub-group analysis may be underpowered to detect a difference between ultrasound and control groups in women with difficult landmarks, but we did show a benefit using ultrasound in women with easily palpable spinous processes. Further research is required to validate these results.
As the study was performed in a teaching hospital, only 42 (19.5%) blocks were performed by consultants. This may explain the high accidental dural puncture rate and high general anaesthetic conversion rate. We did not control for whether a consultant or registrar performed the CSE, which may have added bias in case selection according to anticipated difficulty.
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